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Transformation of in-plane ρ(T ) in Y Ba2Cu3O7−δ at fixed oxygen content
M. M. Abdelhadi∗ and J.A. Jung†
Department of Physics, University of Alberta, Edmonton, Alberta Canada T6G 2J1.
(Dated: November 1, 2018)
This paper reveals the origin of variation in the magnitude and temperature dependence of the
normal state resistivity frequently observed in different YBCO single crystal or thin film samples with
the same Tc. We investigated temperature dependence of resistivity in Y Ba2Cu3O7−δ thin films
with 7- δ = 6.95 and 6.90, which were subjected to annealing in argon at 400-420 K (120− 140oC).
Before annealing these films exhibited a non-linear ρab(T ), with a flattening below 230 K, similar
to ρb(T ) and ρab(T ) observed in untwinned and twinned YBCO crystals, respectively. For all films
the annealing causes an increase of resistivity and a transformation of ρab(T ) from a non-linear
dependence towards a more linear one (less flattening). In films with 7- δ = 6.90 the increase
of resistivity is also associated with an increase in Tc. We proposed the model that provides an
explanation of these phenomena in terms of thermally activated redistribution of residual O(5)
oxygens in the chain-layer of YBCO. Good agreement between the experimental data for ρab(t, T ),
where t is the annealing time, and numerical calculations was obtained.
PACS numbers: 74.72.Bk,74.76.-w,74.25.Fy,74.62.Dh
1. INTRODUCTION
Right after discovery of high temperature supercon-
ductivity, it has been observed that temperature de-
pendence of the normal state resistivity ρ(T ) is linear
in many samples over a wide range of temperatures.
Phillips1 explained this result (believed to be universal
for all optimally doped HTSC) using two-carrier perco-
lation model. Later, the observation of a linear ρ(T ) has
been also used to support the argument that non-Fermi
liquid states are responsible for the normal state proper-
ties of HTSC2.
The analysis of the experimental data for ρ(T ) ob-
tained on untwinned and twinned YBCO single crystals
and YBCO thin films revealed however that the pure lin-
ear temperature dependence of resistivity is not the char-
acteristic of ρ(T ) in HTSC. In fact, it has been found that
ρb(T ) measured along chain direction in untwinned crys-
tals of YBCO3,4,5,6 exhibits a non-linear behavior with
a flattening at temperatures below 220K [see Fig.1(a)].
On the other hand, ρa(T ) measured in a direction per-
pendicular to the chains, increases linearly with an in-
creasing temperature over a wide temperature range.
The magnitude of ρa(T ) is about 2-2.5 times larger than
that of ρb(T ) at corresponding temperatures. An excep-
tion is the result of Welp et al7, who observed a lin-
ear temperature dependence of both ρa and ρb. How-
ever, the absolute values of these resistivities are about 2
times higher than those reported elsewhere for untwinned
YBCO crystals3,4,5,6.
The in-plane resistivity ρab(T ) measured in twinned
YBCO crystals of Tc = 93K, ∆Tc = 0.2K, and of low
resistivity ρab(300K) = 130µΩcm
8 displays non-linear
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temperature dependence similar to that observed in the
most of untwinned YBCO crystals along the chain direc-
tion [see Fig.1(b)]. Surprisingly, other YBCO twinned
crystals of the same Tc and ∆Tc, and higher room tem-
perature resistivity ρab(300K) = 160µΩcm
8 are charac-
terized by ρab with a linear dependence on temperature
[Fig.1(b)]. This value of resistivity is close to that of
a non-linear ρb(T ) measured at 300 K along the chain-
direction in some untwinned YBCO crystals6.
Temperature dependence of ρab measured in c-axis ori-
ented epitaxial YBCO thin films shows features similar to
those observed in twinned YBCO crystals9,10. Optimally
doped films with resistivity as low as 150µΩcm at 300K
have non-linear ρab(T ) with a flattening at temperatures
below 230K9 (see Fig.2). However, it appears that lin-
ear temperature dependence of ρab(T ) characterizes films
with higher resistivity (above approximately 250µΩcm
at 300 K). Underdoped films with Tc ≃ 84 − 85K ex-
hibit ρab(T ) similar to that observed in optimally doped
films10 (see Fig.2).
Two different theoretical approaches were used so far
to explain the observed non-linear ρ(T ). The first one
is based on classical electron-phonon Bloch-Gru¨neisen
(BG) theory of metallic conductivity9. It predicts a non-
linear ρ(T ) for temperatures less than characteristic tem-
perature T ∗ = ηΘD (where ΘD is the Debye temperature
and η ∼ 1− 2), and a linear ρ(T ) for temperatures above
T ∗. The other one employs a thermal Frenkel disorder
of long range-ordered chains of oxygen, a process during
which an oxygen atom jumps from its O(1) chain site to
a nearby O(5) interstitial (inter-chain) vacant site11.
Poppe etal9 attempted to explain the non-linear ρ(T )
observed in YBCO thin films by assuming that the resis-
tivity is the sum of the temperature independent residual
resistivity ρr due to impurities or defects, and the Bloch-
Gru¨neisen resistivity ρBG(T ). They found that BG the-
ory can be applied only if one assumes very high val-
ues of Debye temperature within the range of 650-950K.
2FIG. 1: (a) Temperature dependence of resistivities, ρb(T )
and ρa(T ), measured in untwinned YBCO crystals along the
chain direction (b-direction) and along the a-direction per-
pendicular to the chains, respectively. Note a flattening of
ρb(T ) below 220 K and a linearity of ρa(T ) over a wide range
of temperatures for all three samples4,5,6. (b)Temperature de-
pendence of the in-plane resistivity ρab(T ) for twinned YBCO
crystals. Note that in this case ρab(T ) exhibits either a non-
linear temperature dependence (with flattening) below 220 K
or a linear dependence in the sample with higher resistivity8.
Martin et al12 were able to obtain a good theoretical fit
to a non-linear ρ(T ) measured in YBCO(124) films at
temperatures up to 600K, using BG theory and an effec-
tive transport Debye temperature Θ∗D = (2kF /G)ηΘD of
500K. They argued that Θ∗D can be substantially smaller
than T ∗ = ηΘD if the Fermi vector kF is sufficiently
smaller than the reciprocal lattice vector G.
Goldschmidt et al11 interpreted the non-linear temper-
ature dependence of resistivity in fully oxygenated poly-
crystalline YBCO in terms of a thermally activated pro-
FIG. 2: Temperature dependence of the in-plane resistivity
ρab measured in c-axis oriented epitaxial YBCO thin films.
The data indicate that films with low resistivity exhibit a
deviation from the linear temperature dependence at temper-
atures below approximately 230K9,10.
cess of Frenkel pair formation, during which the chain
oxygen jumps from O(1) site to a nearby O(5) site. Ac-
cording to Goldschmidt et al this process accounts for
an excess electron scattering with an increasing temper-
ature. Each Frenkel pair creates an intrinsic defect resis-
tivity ρd which represents an excess resistivity connected
in series to the perfect chain resistivity. The upturn in
resistivity that occurs at temperatures above 200K, is
explained as due to an increase of Frenkel pair density
with an increasing temperature. The excess resistivity is
defined as: ρexcess = ρchain − (ρo + aT ) = ρdCd(T ),
where Cd(T ) is the temperature dependent fractional
defect pair occupancy. Temperature dependence of Cd
was taken as that for a two level system with the en-
ergy barrier Cd ≃ exp(−Ed/kT ),where Ed is the energy
barrier between the final O(5) and initial O(1) oxygen
sites. Consequently ρexcess ≃ ρd exp(−Ed/kT ). Gold-
schmidt et al obtained good theoretical fit to ρ(T ) data
measured for a granular YBCO taking the activation en-
ergy Ed ≃ 120meV and defect resistivity ρd ≃ 2mΩcm.
Measurements performed on untwinned YBCO crystals
by Gagnon et al6 revealed however that temperature de-
pendence of the excess resistivity above 300K is linear,
not at all exponential.
The experimental results obtained on untwinned and
twinned YBCO crystals, and YBCO thin films could be
summarized as follows: Although ρ(T ) for the most of
untwinned crystals show a non-linear ρb(T ) and a linear
ρa(T ), with the magnitude of ρa(T ) being higher than
that of ρb(T ), these two forms of ρ(T ) have been also
randomly observed in twinned YBCO crystals and thin
films. Surprisingly, the absolute values of resistivity of
3twinned YBCO crystals and films are often lower than
those measured in some untwinned YBCO crystals along
the b-direction. Also, there is some correlation between
the magnitude of resistivity and a specific form of ρ(T )
(non-linear or linear) in twinned YBCO crystals and in
YBCO films. In these cases the resistivities of a linear
ρ(T ) are in general higher than the corresponding ones
for a non-linear ρ(T ). In untwinned YBCO crystals, a
non-linear and a linear ρ(T ) has been attributed to the
chain and plane conductivities, respectively6. Therefore,
the random appearance of a non-linear and linear ρ(T )
in twinned YBCO crystals and films is surprising and
should be investigated.
In this paper we provide alternative explanation of the
presence of a non-linear and a linear dependence of re-
sistivity ρab on temperature in YBCO. Our studies were
focused on YBCO c-axis oriented thin films, both opti-
mally doped (7 − δ ≃ 6.95, Tc ≃ 90− 91K) and slightly
underdoped (7− δ ≃ 6.90, Tc ≃ 85K), with a non-linear
ρab(T ). We investigated the effect of oxygen ordering
(redistribution) on ρab(T ) in those films. The applied
experimental procedure included systematic annealing of
the samples in argon at 400-420K (120−140oC), followed
by the measurements of ρab(T ) at temperatures between
Tc and 300K.
The results revealed a transformation of ρab(T ) from a
non-linear temperature dependence towards a more lin-
ear one (less flattening) . This transformation is accom-
panied by an increase in the absolute value of resistiv-
ity. In underdoped samples, annealing causes also an
increase in Tc. We present possible explanation of this
phenomenon, which is based on thermally activated re-
distribution of oxygen in the chain-layer of YBCO.
2. EXPERIMENTAL PROCEDURE
We investigated c-axis oriented YBCO thin
films, which were deposited on different substrates:
SrT iO3,LaAlO3 and sapphire (with CeO2 buffer layer)
using the standard off-axis rf magnetron and laser
ablation techniques. The standard photolithography was
used to produce 60µm wide and 6.4 mm long thin film
bridges with four measurement probes. The distance
between the voltage probes was 0.4 mm. Silver contacts
were sputter-deposited using rf-magnetron technique.
The samples were annealed in argon at temperatures
120− 140oC several times for a total time between 8 to
24 hours. The measurements of ρab(T ) (in the a-b planes
of the films) at temperatures between Tc and 300K, were
conducted after each 2-5 hour annealing period. During
these measurements a dc current of 10µA was applied to
the sample in the form of short pulses (of duration less
than 200ms) in order to reduce Joule’s heating. Current
reversal was used to eliminate the effects of thermal emf
in the leads. The voltage was measured using Keithley
2182 nanovoltmeter connected to Keithley 236 current
source, with the nanovoltmeter working as a triggering
unit for the current source. The nanovoltmeter operated
in a ”Delta” mode which allows one to perform very
fast multiple measurements of the voltage from two
voltage measurements for two opposite directions of the
current. Temperature was monitored by a carbon-glass
thermometer and stabilized (using the inductance-less
heater and a temperature controller) within ±10mK.
3. EXPERIMENTAL RESULTS
The temperature dependence of resistivity ρab(T )
measured for slightly underdoped YBCO films with
Tc(R=0)= 85-86K, is shown in Figures 3(a) and 4(a) as
a function of annealing time in argon at 120 − 140oC.
The ρab(T ) for unannealed samples exhibits a flattening
[an upward deviation from a linear temperature depen-
dence; see straight solid line in Figures 3(a) and 4(a)] at
temperatures between Tc and approximately 220-230K.
The annealing causes an increase of Tc [see Figures 3(b)
and 4(b)], an increase of resistivity, and a transforma-
tion from a non-linear temperature dependence of resis-
tivity towards the linear one. The increase of Tc de-
pends on the sample i.e. it is about 1K after 8 hour
annealing at 120oC for film 12, but only 0.5K after 24
hour annealing at 140oC for film 13. The temperature
dependence of resistivity ρab(T ) measured for optimally
doped YBCO film with Tc(R=0) about 90K is shown
in Fig.5(a) as a function of annealing time in argon at
120oC. The annealing of this sample leads to an increase
of the magnitude of ρab(T ) and a reduction of the flatten-
ing between Tc and 230-240K. However, no change of Tc
was observed in this case [see Fig.5(b)]. Temperature de-
pendence of ρab(T ) at temperatures above approximately
220K is linear (see solid lines in Figures 4 and 5). De-
viation from the linear dependence at temperatures be-
low 220K is shown in Fig.6 as a function of temperature
at different annealing times. It is defined in the follow-
ing form: [ρab(T ) − ρlinear(T )]/ρab(T1), where T1 is the
temperature at which a maximum upward deviation of
ρab(T ) from ρlinear(T ) occurs. This deviation initially
decreases with an increasing annealing time, however it
reaches saturation at longer annealing times. The magni-
tude of resistivity ρab(T ) of all samples studied was found
to increase gradually with an annealing time [see Figures
4, 5, and 6].
4. DISCUSSION
According to Jorgensen annealing of YBCO at 120 −
140oC causes redistribution of oxygen in the chain-layer,
without a change in the overall concentration of oxygen
in the sample13. Low temperature annealing was per-
formed previously by Jorgensen et al14and Shaked et al15.
They carried out room temperature annealing of sintered
samples of underdoped YBCO (with 7 − δ = 6.41 and
6.25 ) which were quenched first from a temperature of
4FIG. 3: (a) Temperature dependence of the in-plane resis-
tivity ρab measured in a c-axis oriented slightly underdoped
YBCO thin film 12 with Tc = 85.4K, before and after anneal-
ing for 2 and 8 hours in argon at 120oC. Note a systematic
increase of resistivity and a reduction of a deviation from a
linear temperature dependence with an increasing annealing
time. (b)Dependence of resistivity on temperature close to
Tc measured before and after annealings. Note a systematic
increase of Tc with an increasing annealing time.
100−150oC down to a liquid helium temperature. Room
temperature annealing led to a dramatic change of the
transport and structural properties of this compound i e,
an increase of Tc and a decrease of lattice parameters with
annealing time. This behavior was explained in terms of
a local ordering of oxygen atoms at room temperature,
which causes formation of oxygen supercells (alternat-
ing partial and full chains) in the chain layer. Veal et
al16 reported the observation of time-dependent behavior
at room temperature in the superconducting and struc-
tural properties of Y Ba2Cu3Ox single crystals, with sto-
FIG. 4: (a) Temperature dependence of the in-plane resis-
tivity ρab measured in a c-axis oriented slightly underdoped
YBCO thin film 13 with Tc = 85.4K before and after anneal-
ing for 15 and 20 hours in argon at 140oC. Note a systematic
increase of resistivity and a reduction of a deviation from a
linear temperature dependence with an increasing annealing
time. (b)Dependence of resistivity on temperature close to Tc
before and after annealings. Note a systematic increase of Tc
with an increasing annealing time.
ichiometries controlled within the range 6.3 < x < 6.6
by quenching the samples from 520oC down to a liquid
nitrogen temperature. They proposed two explanations
of this behavior. One interpretation was that oxygens,
quenched into O(5) sites, move to neighboring O(1) chain
sites thus enhancing the order in the O(5) oxygen vacancy
array in the chain layer. The other one suggested that
the ordering associated with low temperature annealing
likely involves the formation of alternating full and empty
(oxygen free) chains in the chain layer. Andersen et al17
investigated ordering kinetics of ortho-superstructures in
5FIG. 5: (a) Temperature dependence of the in-plane resistiv-
ity ρab measured in a c-axis oriented optimally doped YBCO
thin film 11 with Tc = 90.4K before and after annealing for 9
hours in argon at 120oC. The resistivity increases with an in-
creasing annealing time. Deviation from a linear temperature
dependence at temperatures below 230-240K decreases with
an increasing annealing time (see Fig.6 for more details). (b)
Dependence of resistivity on temperature close to Tc measured
before and after annealing. Tc was found to be independent
of the annealing time.
the chain layers of YBCO single crystals as a function
of temperature up to about 150oC and oxygen doping
level over a range between 6.3 and 6.8. They provided
the structural phase diagram of the superstructure or-
dering in YBCO (see Fig.5 in Ref.17). According to this
diagram, our samples with oxygen content of about 6.90
and 6.95 should have the ortho-I structure with no sign
of a superstructure formation between room temperature
and 150oC.
Our interpretation of the data is based on the assump-
FIG. 6: Upward deviation of ρab(T ) (measured for films 11,12
and 13) from a linear temperature dependence of resistiv-
ity ρ(T ) defined as ∆ρ(T )/ρ(T1) = [ρab(T ) − ρ(T )]/ρab(T1),
where T1 is the temperature at which the maximum upward
deviation of ρab(T ) from a linear ρ(T ) occurs. Note the sat-
uration of ∆ρ(T )/ρ(T1) after annealing times of 6 hours for
film 11, and 20 hours for film 13, respectively.
tion that the redistribution of oxygen during annealing
at temperatures of 120− 140oC takes place in the chain
layers of YBCO. It is known that even optimally doped
RBa2Cu3Ox (RBCO) (including YBCO) contains a few
percent of interchain oxygen O(5) in the chain layers13,18.
Therefore, we also assume that O(5) oxygens form links
(bridges) between partially occupied chains of oxygen
O(1). These links could be formed by oxygen O(5) during
cooling of the films from a high deposition temperature
(usually around 650− 750oC). This allows the transport
current in the chain layer to zigzag between the chains
via O(5) sites, thus reducing the overall resistivity in the
chain layer. For a twinned sample, the overall resistivity
6ρab is an average of ρa and ρb in the a- and b-direction,
respectively ie., ρab = (ρa + ρb)/2. It is also equal to
the plane- and the chain-layer-resistivities connected in
parallel according to the formula,
1
ρab
=
1
ρplane
+
1
ρchain−layer
(1)
or
ρab =
ρplane
1 +
ρplane
ρchain−layer
(2)
According to the experimental results obtained on un-
twinned YBCO crystals4,5,6, temperature dependence of
resistivity in the planes is linear i e.,
ρplane(T ) = a1 + a2T (3)
where a1 and a2 are constants. On the other hand,
according to references4,5, temperature dependence of
the chain resistivity in untwinned YBCO crystals con-
tains both linear and quadratic components. The latest
reference6, revealed however that on average the chain re-
sistivity of four untwinned YBCO crystals follows almost
pure T 2 dependence over a temperature range between
130 and 300 K, i e:
ρchain(T ) = b1 + b2T
2 (4)
where b1 and b2 are constants. In equations Eq.3 and
Eq.4 resistivity and temperature are in units of µΩcm
and K, respectively.
T 2 dependence of resistivity was observed in quasi-
1D organic conductors (see for example Weger et al.19).
Abrikosov and Ryzhkin20 developed a theory of the tem-
perature dependence of resistivity in quasi-1D metals.
According to this theory in quasi-1D metals with a long
mean-free-path, electron-phonon scattering produces T 2
dependence of resistivity. Such model may be applied to
the chains of YBCO, since in pure YBCO the mean-free-
path should be much larger than the lattice constant. So
far however no calculations of ρchain(T ) have been per-
formed using the relevant phonon frequencies for YBCO.
In an underdoped YBCO, and even in an optimally
doped YBCO, the chains are not fully occupied. As
mentioned above, in the presence of interchain O(5),
the transport current could therefore zigzag between the
chains in the chain layer via O(5) bridges along a path
of the lowest resistance (see Fig.7). In this case electri-
cal transport would still be quasi-1D and the resistiv-
ity should be proportional to T 2. One also could ex-
pect that O(5) bridges lower the overall resistance in the
chain layer. The activation energy for the motion of O(5)
oxygen between chains in the b-direction is very small21
and during annealing at relatively low temperatures of
120−140oC oxygen O(5) should be highly mobile in this
direction. High mobility of O(5) during annealing could
change the electrical properties of the chain layer. O(5)
can fill some O(1) vacancies in the chains, which leads
to a higher Tc. On the other hand, the motion of O(5)
between the chains in the chain direction could interrupt
the paths of the lowest resistance, causing an overall in-
crease of resistivity in the chain layer. One could make a
counter-argument that even in the absence of interchain
O(5) oxygen, annealing could cause more disorder in the
chains, resulting in an increase of resistivity. This how-
ever should be accompanied by a decrease in Tc.
FIG. 7: Representation of the proposed local structure of the
chain layer. Chain oxygen O(1) ions are represented by open
circles,interchain oxygen O(5) by shaded circles, and copper
ions by black dots. Black solid line represents possible zigzag
path of the transport current through O(5) sites in the chain
layer.
We considered the following model that could explain
an increase of resistivity with the annealing time in
twinned YBCO thin films. In the presence of oxygen
O(5) the electrical transport in the chain layer is deter-
mined by the resistance of the chain fragments and the
interchain bridges through O(5) sites. The resistance of
the interchain bridges R between any two neighboring
chains could be considered as that of average N ”effec-
tive” bridges (through which the current flows) connected
in parallel ie. R = Ro/N , where Ro is the resistance of a
single effective bridge. During annealing at 120− 140oC
in argon, due to high mobility of oxygen O(5) the number
of effective bridges could be reduced. We assumed that
this process is completely random and the number of ef-
fective bridge disintegrations that occurs, is proportional
to the number of effective bridges present ie.,
7dN
dt
= −αN (5)
where α is a decay constant. Dependence of N on time
is then:
N = N0 exp (−αt) (6)
where t is the annealing time and No is the number of
effective bridges at t=0. The resistance R should then
increase with time t according to the expression:
R = R0/N = (R0/N0) exp (αt) (7)
The total average resistance offered to the current by
any two chains could be written as the sum of the re-
sistance due to chain fragments (which we consider time
independent) and that due to the time dependent O(5)
bridges [Eq.(7)]. Therefore, the overall resistivity in the
chain layer as a function of annealing time t and temper-
ature T can be expressed in the following form,
ρchain−layer(t, T ) = ρ0(T )
1 + C exp (αt)
1 + C
(8)
=
b1 + b2T
2
1 + C
(1 + C exp (αt))
where ρ0(T ) = b1 + b2T
2 is the total chain layer resis-
tivity at temperature T and annealing time t=0 (which
includes contributions due to both chain fragments and
O(5) bridges), and C is the normalization constant which
ensures that at t=0 the total chain layer resistivity equals
ρ0(T ).
Then the overall resistivity ρab(t, T ), including the con-
tribution due to the planes, could be written as
ρab(t, T ) =
ρplane(T )
1 +
ρplanes(T )
ρchain−layer(t,T )
(9)
We assumed that ρplane(T ) in this equation depends
on temperature according to Eq.(3) and not on the an-
nealing time, so all changes in resistivity due to annealing
occur in the chain layers.
We performed computer calculations of ρab(t, T ) and
compared them with the data obtained for twinned c-
axis oriented YBCO films. The fits to the experimental
data are shown in Figures 8 and 9. The fitting parame-
ters are a1, α, and C. Constants a1 and a2 in the equa-
tion ρplane(T ) = a1 + a2T are shown in Table I for films
11, 12, and 13 and for untwinned YBCO crystals. The
slopes of ρplane curves in Figures 8 and 9, which are rep-
resented by constants a2, were assumed to follow roughly
the slope of the experimental data for ρab(t, T ) at tem-
peratures above 250K. Constants b1 and b2 for ρchain(T )
TABLE I: The parameters a1, a2, α, and C, which were used
in the calculation of ρab(t, T ) for YBCO films 11,12 and 13.
For untwinned YBCO crystals, the experimental values of a1
and a2 are shown. Note: a1 and a2 for untwinned YBCO
crystals 1-46 represent the average values for all four crystals.
a1, α, and C are the fitting parameters.
Material a1 a2 α C Ref
YBCO film 11 0 0.54 0.066 5 this work
YBCO film 12 25 1.12 0.442 10 this work
YBCO film 13 25 0.92 0.042 2 this work
YBCO untwinned crystal 1 16.5 1.00 6
YBCO untwinned crystals 1-4 0 1.00 6
YBCO untwinned crystal -10.5 0.79 4
YBCO untwinned crystal -10.3 0.76 5
(see Eq.(4)) were calculated using Eq.(2), Eq.(3) and the
experimental data for ρab(t = 0, T ) in unannealed (t=0)
YBCO films. Good agreement between the experimen-
tal data and the model was obtained for both optimally
doped and slightly underdoped YBCO films.
According to Eq.(9) the total resistivity ρab(t, T ) ap-
proaches that of the planes (which increases linearly with
an increasing temperature) if the chain layer resistivity is
very high (i.e. it exhibits a semi-insulating or insulating
behavior). This could happen after a long annealing time
t if the decay constant α (which describes the process of
disintegration of O(5) bridges between O(1) chains), is in-
dependent of time. On the other hand, if the chain layer
resistivity is small (i.e. a metallic-like), then the chain
layer contributes substantially to the total resistivity. In
this case, one could expect a deviation of ρab(t, T ) from a
linear temperature dependence towards a quadratic-like
one, due to a T 2 dependence of ρchain(T ). Eq.(9) shows
that the change of resistivity from a small towards a large
one in the chain layer (which corresponds to a transition
from a metal-like to an insulating behavior), causes an in-
crease of the total resistivity ρab(T ) and a transformation
of its temperature dependence from a non-linear towards
a linear one. This could explain why so many YBCO sin-
gle crystal samples (or YBCO thin film samples) with the
same Tc have very different magnitudes and temperature
dependencies of resistivity.
5. CONCLUSIONS
Our investigation of the temperature dependence of re-
sistivity of twinned YBCO thin films as a function of an-
nealing time at 120− 140oC led us to conclude that the
resistive properties of the chain layer (located between
two CuO2 double-planes) could have a dramatic effect
on the magnitude and the temperature dependence of
the total resistivity ρab(T ). We suggest that the resistive
properties of the chain layer could be modified by the
residual amount of the interchain oxygen O(5) which al-
lows a current to flow between the chains along a path of
8FIG. 8: Experimental data and theoretical fitting curves ob-
tained between 120 and 300K, using the model described in
the text, for ρab(t, T ) measured in slightly underdoped films
12 and 13. The assumed resistivity of the planes ρplanes(T )
in Eq.(9) is represented by the solid line marked ρplane at
temperatures between 120 and 300K.
the lowest resistance. Following this suggestion, anneal-
ing at 120−140oC causes a redistribution of oxygen O(5)
and a resulting disruption of low resistance paths and an
increase of the chain-layer resistivity. Distribution of oxy-
gen O(5) in the chain layer could therefore be responsi-
ble for the change of the resistive state of this layer from
a metallic-like state to an insulating one. Halbritter22
argued that the resistivity of the chain layer in YBCO
affects the resistivity along c-axis and consequently the
anisotropy of the normal state resistivity. Small conduc-
tivity in the chain layer should therefore cause higher
anisotropy (and higher c-axis resistivity) than that ex-
pected for YBCO with metallic-like chain layers. Our
FIG. 9: Experimental data and theoretical fitting curves ob-
tained between 120 and 300K, using the model described in
the text, for ρab(t, T ) measured in an optimally doped film
11. The assumed resistivity of the planes ρplanes(T ) in Eq.(9)
is represented by the solid line marked ρplane at temperatures
between 120 and 300K.
recent measurements of the angular dependence of resis-
tivity in the ab-planes close to the superconducting tran-
sition temperature revealed larger than expected changes
of resistivity in some YBCO thin films, when the angle
between the direction of an external magnetic field and
the ab-planes was changed from 0 to 90 degrees23. These
large changes suggest large anisotropy (and strong pin-
ning of magnetic flux between the CuO2 planes), which
could be caused by an insulating state of the chain lay-
ers in these samples. On the other hand, the changes
of chain-layer resistivity may be also responsible for dif-
ferent temperature dependencies of c-axis resistivity ob-
served in different YBCO single crystals. Surprisingly,
the c-axis resistivity of YBCO crystals studied so far ex-
hibits either a 1/T dependence24,25 or a linear tempera-
ture dependence3,26,27.
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